1) Unusual large anisotropy energies due to large unquenched orbital moments, 2) Rather complicated spin-structures and the appearance of different ordered magnetic phases due to a competition between different indirect 4f-4f-exchange interactions.
The basic problem with nuclear resonance techniques still is to establish unambiguous relations, which can be used to deduce the effective magnetic moments of distinct atoms with zero applied field and unaffected by anisotropy and spin-structure from the measured hyperfine interaction energies.
This paper is partly a report on some recent results obtained with Eu2+ ions in Europium-chalcogenides using l5'Eu and ls3Eu nuclei and with intermetallic Erbium-compounds using 166Er-nuclei. It is also partly a review of Mossbauer effect and n. m. r. work on these compounds.
With these examples a large body of magnetic, optical and hyperfine (h. f.) data has been accumulated in recent years. This will enable us to establish and complete certain systematics, which lead to an improved understanding of the relations used in Mossbauer effect (M. E.) studies of rare earths so far and already reviewed by Ofer [2] (1) Hyperfine fields here are given in the internationally recommened B-units cr Tesla >> (IT = lO4G = 1 Vsm-z), which fortunately differ by only a factor of 10 from the so far utilized H-units kOe.
B, is mainly due to the core-and, conduction-s-electron polarization by the atom's own spin Si [4] , but with concentrated magnetic sublattices as a rule is contributed significantly by transferred h. f. fields due to conduction and valence electron polarization by the neighbouring spins Sj. The magnitudes of the involved h. f. coupling constants are about A$,,, z 10 T, A", and A,,, FZ _+ 1 T. At finite temperatures the average value < S, > of the atomic spin component along the local magnetization direction z and related to the effective magnetic moment < p > = g, p < S, > rather than S appears, because the spin correlation time zs (due to rapid thermal fluctuations of S between its eigenstates S, ranging from -S to -t S) usually is by orders of magnitude smaller than the nuclear Larmor period z, = h/AS 131. While AS cannot be calculated for magnetic solids, precise zero field measurements of sublattice magnetizations m(T) = M(O/M(O) nevertheless are possible, if A"(T)/A"O) z 1 holds or has been measured. As discussed previously [5] this proves true with EuX-compounds and enables one to deduce the data plotted in figure l b for J,, J2, and Tc from the appropriate theoretical relations (such as B,(x), (1 -aT3I2), or ((1 -i. e. the molecular field and low temperature spin-wave approximations, or the scaling law (at T 5 T,), respectively). Recent detailed M. E. studies of the nature of phase transitions in EuO by Groll [6] and with EuSe by Petrich [7] should be mentioned. In particular, P = 0.34 + 0.02 and Tc = (69.19 + 0.02) K has been found with EuO, while with EuSe [7] the first order phase transition suggested by Kuznia [8, 51 from a combined magnetic and n. m. r. study has been confirmed. In the following discussion only zero-temperature values of B,(O) being related to S are used.
Between 1 5 1~u nuclei in two Eu2+-compounds of s-electron densities L,(O) and L2(0) the isomer shift with respect to a certain gamma ray source (e. g. lS1Sm in Sm203) is given by [9] (Ze nuclear charge, 6 < r2 > difference of charge radii between the nuclear ground and excited state involved in the Mossbauer transition.) Table 1 The magnetic, electric, and optical properties of the EuX magnetic semiconductors (X : 0, S, Se, Te) discovered with EuO in 1961 have been extensively reviewed recently [lo, 111. Figure 1 summarizes certain optical and magnetic data also discussed previously [5] , but significant for the intended discussion of correlations between the magnetic interactions J1 and J2 (Fig. lb) , the bonding character (ionicity j,,'), and the h. f. interactions (i. e. isomer shift 6,, and h. f. (Fig. lc) .
field B,(O))
In EuX, the magnetic E u + + ions occupy either of two f. c. c. sublattices of a cubic rocksalt structure (space group Fm 3 m -02) and exhibit a spin-only moment of nearly 7 ,uB well-localized on the 4f-shell and having the groundstate 4f7-as7,?. The exchange interaction-J, is-due to the coupling of a ELI++ ion to its twelve next Eu-neighbours via an overlap of the Eu+'-5d-t2,-orbitals, while J2 is due to a superexchange to the six next nearest neighbours via the overlap of Euf +5d-eg-orbitals with p-orbitals of the intermediate anion. J, is positive and tends to align the Eu' +-spins parallel, whereas J2 is negative favouring an antiparallel alignment of spins in adjacent (1 11)-planes. The exchange interactions are related to the intra-atomic exchange A,, between the 4f-and 5d-electrons and to the attributed electron transfer and interband energies bi and Ui by relations of the form Ji = A,, ~;/S,,/U~~. These have been discussed in more detail by Goodenough [12] and with emphasis placed on the EuX-compounds by Kasuya 1131 recently. Generally (bi/Ui)' will decrease with increasing Ui Fig. lc and 2 ). Taking into account further that 6 n.n. are present in the central KT-plane, added by 3 n.n. and 3 n.n.n. of each adjacent (11 1)-plane we arrive at the result, that each configuration differs by 6 n.n. and 6 n.n.n. contributions, i. e. From a synopsis of figures la, b, and c the mutual correlations between isomer shifts, optical, and magnetic data and also those with the lattice constants are obvious. In particular, the simultaneous decrease of EG7 10 Dq, U,, and jp accompanied by an increase of J2 and decrease of J, is mutually consistent and reasonable. In addition a linear relation between a, , and the Pauling ionicity [24] exists as pointed out already in [22] .
However, B,,,(a,), i. e. the spin density at the Eunucleus does not seem to fit in these systematics. It is also not obvious, why the s-electron density L,(O) increases (i. e. leads to more positive 43 with j, while the EuX-bonding electrons become increasingly removed from Eu and concentrated on X. Kienle and coworkers [22] suggested this to be due to an increasing participation of Sp-electrons to the bond causing a decrease of screening with the Eu outer s-shells, However, from band structure and the B,-systematics to be discussed now, the Eu-5d-electrons should be related to this effect rather than the 5p-electrons.
In figure 2 . Hence, we hope that the base line (( S )) will prove to be unique (3).
Since it predicts an estimate of the transferred h. f. fields (labelled @ in Fig. 2 Let us next discuss the probable reasons for the change from branch (( S 1) to branch ct B )) displayed with EuX compounds at EuS, but in a similar way also in Hiifner's results between Eu-Ba(Sr) and Eu-Ca (see Fig. 2 and [18] ). The B,,i-term (A:, S)i of eq. (1) is found to increase again, while 4, and L, are further decreasing. Hence, there must be an additional contribution to @ not related to the s-electron density. The apparent correlation of this branch with j, and the fact that with a pure covalent EuX-bond (j,, = 0) the attributed (extrapolated) h. f. field corresponds to that of the 4f7 6s 6p configuration suggests bonding p-and s-electrons being shared nearly equally between Eu and X. However, comparing the branches (( S )> and B )) with J, and J2 in figure Ib, a correlation of J, with (( S )) and of J2 with (( B )) is cogent. This suggests the increase of term (A:, S)i on branch B to be related to increasing overlap and transfer between anion p-and cation 5d-e,-orbitals causing both the bonding an the superexchange J2. The increasing s-electron density at the Eu nucleus on branch ctS~ equivalently would be related to the increasing overlap of 5d-t,, orbitals between neighbouring Eu atoms thus causing additional bonds together with the exchange interaction J,. The participation of 5d-tg2 orbitals in bond and exchange would decrease the shielding of the outer Eu-s-electrons and hence cause the observed increase of L,(O).
To summarize : Strong correlations between the h. f. interactions, electron densities and nature of bonds, band structures, and exchange interactions have been detected by the systematics proposed and discussed here and are waiting for further experimental checking and an improved theoretical understanding now.
2. 166Er/~r3+ h. f. interactions in Er-A1 intermetallic compounds. -2.1 SIGNIFICANT RELATIONS FOR 166Er/~r3+ H. F. INTERACTIONS. -In this section we will discuss recent M. E. sttudies with a typical non S-state rare-earth ion, Er3 +, which demonstrate that the usual neglection of transferred h. f. fields is not justified in intermetallic compounds of heavy rareearths such as Er. g, p, H,,,(T)/kT) is the density matrix for the molecular field (Heff(T)) approximation.
The h. f. field given by eq. (1) is to supplement now by another contribution resulting in a total field of Since A,, w 100 T, B4, is the dominating contribution here, whereas the A: give rise to only a correction of a few percent and Aj so far has been assumed negligible. We will see, however, that this is not admissible For the 80.6 keV (2'-0) transition used in 166Er M. E. experiments (see Table 1 In RX, each R is surrounded tetrahedrally by four R-n. n. being e. g. in ErAI, 0.337 nm apart. In RX, each R is surrounded by twelve X-n. n. being (with ErA1,) 0.298 nm apart from R while the six R-n. n. n. form an octahedron and are 0.421 nm apart. Hence, the transferred h. f. fields, if any, in RX, would beexpected to be smaller than in RX,. In both cases we have R,+ in cubic symmetry. Thus, due to LEA [29] after splitting of the Er3+ groundstate J-manifold by the crystal field (c. f.) a T,-quartet or a r,-doublet is expected to lie lowest with ErAl, and ErAl,, respectively. The lower limit of < J, >, and < p >, then are the rsvalues, i. e. < J, >, = 4.6 and < p >, = 5.5 &p,.
This presumes the c, f. splitting Hamiltonian (X,,) to be large with respect to the magnetic exchange splitting [48] are plotted in figure 4 . As a rule, the microscopic methods so far yielded much higher < p >,-values than bulk magnetization measurements.
In fact, as in the case of Eu-compounds, the compilation of magnetic and h. f, data in figure 4 again reveals certain systematics and correlations, which lead us to some significant conclusions on intrinsic and transferred h. f. interations The mechanism responsible for such large ABj is still unknown. However, since the quadrupole splittings P shown in figure 4 reveal the same behaviour as BI just discussed, and, in particular, since also transferred e. f. gs.
q;" are indicated, at least with the Er-substitutions s-electron spin-polarization seems to be ruled out. On the other hand, spin-orbit-couplings between conduction electrons and the rare-earth cations have been shown by Levy [49] to be significant and necessary for the understanding of the T,-systematics of the RX2-series of compounds. In fact, this mechanism could account also for AB, and AB,. The contributions ABg have been observed previously between GdA1, and GdFe, by Gegenwarth [50] and related to valence electron polarization. In any case, the ABj are again found to be significant and closely related to bonding and exchange contributions by electrons, which display either p-or d-character.
Conclusion. -For two typical cases, i. e. 151(153)E~/ Eu2+ (S-state) in EuX and 166Er/Er3+ (J-groundstate) in Er-intermetallic compounds, it has been shown that significant transferred h. f. interactions exist. They necessitate a reanalysis of the conclusions made so far on Er3+ ionic magnetic moments and enable one to separate between intrinsic and transferred h. f. interactions. Taking this into account systematics for both contributions can be established. The intrinsic part is shown to be related to the ionic moments while the transferred contributions and isomer shifts are shown to be closely correlated mutually and with the nature and strength of bonds and exchange interactions. This opens new possibilities for using the M. E. as a microscopic tool for the study of bonds and interactions in magnetically concentrated and ordered solids.
